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MinireviewFly Flight: A Model for the Neural
Control of Complex Behavior
space. Anatomical and physiological evidence suggests
that cells within the medulla are sensitive to small-field
visual motion and are organized into parallel direction-
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ally sensitive and insensitive pathways projecting to twoBerkeley, California 94720
downstream ganglia, the lobula and lobula plate (Doug-
lass and Strausfeld, 1996). A comparative analysis of fly
neuroanatomy indicates that this functional architecture
evolved some 240 million years ago. Subsets of small-Flies exhibit a repertoire of aerial acrobatics un-
field neurons implicated in the motion detection path-matched in robustness and aerodynamic sophistica-
way are conserved within dipterous taxa (Buschbecktion. The exquisite control of this complex behavior
and Strausfeld, 1996) from the more basal Nematocer-emerges from encoding intricate patterns of optic
ans (e.g., mosquitoes and crane flies) to the most re-flow, and the translation of these visual signals into
cently diverged Brachycerans (e.g., hover flies andthe mechanical language of the motor system. Recent
house flies).advances in experimental design toward more natural-
Although some of the critical stages of motion analysisistic visual and mechanosensory stimuli have served
are processed in the medulla, most research has fo-to reinforce fly flight as a key model system for under-
cused on the lobula plate, which contains the expansivestanding how feedback from multiple sensory modal-
planar dendritic arbors of approximately 60 large visualities is integrated to control complex and robust motor
interneurons. These lobula plate tangential cells (LPTCs)behaviors across taxa.
include horizontal motion-sensitive (HS), centrifugal ho-
rizontal (CH), and vertical motion-sensitive (VS) cells, allInsects were the first animals to evolve active flight,
of which project within the ipsilateral brain hemispherenearly 350 million years ago, and have dominated terres-
and do not fire axonal action potentials (however, sev-trial ecosystems ever since. Winged insects represent
eral exhibit spike-like depolarizations superimposedbetween 6 and 60 million species—arguably the most
upon graded responses). Additional horizontal motion-successful radiation of organisms in the history of life.
sensitive cells including H1, H2, and feature-detectingOf all the flying insects, however, dipterous insects (the
cells (FD) project to the contralateral hemisphere andtrue flies) display a repertoire of flight behaviors un-
fire spikes (Figure 1A) (for a review, see Hausen, 1984).matched in robustness, control, and aerodynamic so-
Most of the nonspiking LPTCs respond to the motionphistication. Not only can flies easily cope with immense
of periodic gratings with smooth changes in membraneperturbations to their sensory landscape, they do it ex-
potential. In contrast, photoreceptors and other up-traordinarily fast. In pursuit of flying conspecifics, it
stream elements respond to the same stimuli with peri-takes as little as 30 ms for a fly to execute a corrective
odic modulations in membrane potential that are phaseturn once its target has changed course (Collett and
locked to the temporal variation in local luminance. Re-Land, 1975). Indeed, the simplest of flight behaviors
cently, the cellular mechanisms by which LPTCs “filter”outshines the abilities of even the most sophisticated
these upstream modulations have been more closelyaircraft. The extraordinary flight performance of these
examined. By imaging the spatiotemporal flux of cal-animals is due to an array of neural specializations that
cium within the sensory dendrites while simultaneouslypush the envelope of organismal design. Within flies,
recording membrane potential, Single and Borst (1998)we find the fastest visual systems, the most powerful
have shown that LPTCs spatially integrate the local fluc-
muscles, and a small pair of mechanosensory “wings,”
tuations of membrane potential throughout their den-
called halteres, modified through evolution to act as
dritic arbors. This results in a functional low-pass tempo-
sensitive gyroscopes. Because such extremes often ral filtering of the oscillatory input and produces a
make structure-function relationships more obvious, the smooth change in axonal membrane potential that is
fly has served for decades as a superb model system proportional in amplitude to the magnitude of image
for elucidating general principles that govern complex velocity.
neurobiological systems. While some LPTC characteristics such as spatiotem-
Within the fly’s nervous system, thousands of sensory poral averaging result from the integration of columnar
neurons innervate a mere dozen or so motor neurons inputs within individual cells, others result from interac-
controlling wing kinematics. The largest fraction of this tions among different classes of LPTCs both within and
sensory-to-motor convergence originates in the eyes, between brain hemispheres. Connectivity among LPTCs
and roughly two-thirds of the fly’s nervous system con- has been shown before, but by recording simultaneously
sists of a bilateral set of four optic ganglia that are from two or more cells, Haag and Borst (2001) have
exclusively devoted to visual processing (Figure 1A) (for identified recursive feedback loops operating between
review, see Strausfeld, 1976). Two of these ganglia, the ipsilateral and contralateral LPTCs. These circuits ap-
lamina, which lies directly under the retina, and the more pear to account for the specificity for rotational optic
distal medulla, posses a columnar organization that pre- flow exhibited by, e.g., H2.
serves an ordered retinotopic representation of visual From hovering to fast forward flight, flies experience
a broad range of retinal image speeds. Exposure to
high velocity motion induces a marked decrease in the1 Correspondence: markfrye@socrates.berkeley.edu
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Figure 1. A Subset of Sensorimotor Pathways in the Fly Flight Con-
trol System
(A) Early visual pathways project retinotopically from the photore-
ceptors to the medulla (brown), and from the medulla to the lobula
complex (purple). The last stop for motion processing within the
brain, the lobula plate houses at least three major families of motion
detecting interneurons. The HS, CH, and VS cells project within the
ipsilateral hemisphere (blue tones), and H1, H2, and FD cells (see
Figure 2. Experimental Paradigms for Studying the Visuomotortext for definitions) project to the contralateral hemisphere (green
Control of Flighttones). The terminals of some of these groups visit the sensory
dendrites of interneurons projecting to the flight motor (red). (B) (A) In traditional analyses, an immobilized fly views a periodic grating
Descending visual interneurons drive motor neurons innervating pattern moving across a large region of the eye (left); however, when
steering muscles of the mechanosensory halteres. Haltere sensory tested with motion on small regions of the eye (right), lobula plate
afferents, in turn, provide electrotonic input to wing muscle motor cells exhibit directional preferences that vary across their large re-
neurons completing a visually gated feedback circuit (sensory neu- ceptive fields. (B) A “virtual reality” flight simulator allows an intact
rons indicated in red, motor neurons indicated in yellow, steering tethered fly to control an electronic visual display with its attempts
muscles indicated in brown). to steer (left). The temporal sequence of image motion experienced
by the fly is subsequently replayed during an intracellular recording
preparation (right). (C) The 3-D trajectory of freely behaving flies is
tracked as they explore a visual arena (left). A reconstruction of themotion response of LPTCs. This adaptation results in
“fly’s-eye-view” is replayed to an immobile recording preparationan increase in the dynamic range over which the cells
(right).operate, as well as an increase in sensitivity to changes
in image speed. By recording the intracellular responses
of HS cells to image motion of varying velocity and The directional selectivity of LPTCs was originally
demonstrated using periodic gratings that subtend largecontrast, Harris et al. (2000) have demonstrated that
adaptation in these directionally selective neurons re- portions of the visual field (Figure 2A, left). With such a
paradigm, cellular responses represent directional se-sults from an increased sensitivity to image contrast
during high velocity motion in any direction. lectivity averaged across the entire field of view. Using
similarly elemental visual stimuli, Krapp et al. (1998) pro-Extracting Behaviorally Relevant Features
of Optic Flow vided an important new insight into the behavioral func-
tion of these cells by testing the directional preferencesArmed with these recent insights into the neural archi-
tecture and cellular mechanisms of motion coding in the of LPTCs within small patches of their large receptive
fields (Figure 2A, right). Their results showed that localfly brain, it now becomes possible to integrate the study
of visual processing within the flight control system as directional selectivity varies systematically throughout
LPTC receptive fields. Directional tuning maps con-a whole. This trend is reflected in recent research by
the replacement of conventional stimulus patterns, such structed by this method correlate well with specific pat-
terns of optic flow that would be encountered by a flyas sinusoidal gratings, with more natural stimuli that
more closely approximate the spatial and temporal char- rotating or translating through space. Thus, while on
average a VS cell prefers vertically oriented motion,acteristics of image motion experienced by freely behav-
ing animals. within some local patches of its receptive field, it actually
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responds best to horizontal or obliquely oriented motion. exhibit compensatory head motions to stabilize gaze
during body motion (for a review, see Hengstenberg,How well these locally reconstructed receptive field
maps predict the responses of individual LPTCs to 1993). The neuromuscular system of the neck is con-
trolled by a number of sensory modalities, including theglobal image dynamics encountered during natural be-
havior remains to be explored. visual system, neck mechanoreceptors, and the halteres
(Gilbert and Bauer, 1998). By attaching miniature induc-Owing to the complex and diverse interactions among
sensory modalities during flight, it is often difficult to tive field coils to the head and thorax of a fly, Schilstra
and van Hateren (1998) were able to track head andassess the systems level function of individual elements
of the flight control system, such as the LPTCs. In short, body motions independently during free flight. They
found that during saccades, flies engage a triphasicit is hard to study much of the flight system unless the
animal is actually flying. Accordingly, a “psychophysi- program of syndirectional and counterdirectional head
rotations that minimize the duration of motion blur. Thecal” approach has been in use for over 30 years in which
an intact tethered fly is surrounded by a visual display net result of this stereotyped pattern of kinematics is
that the head rotation, and thus optic flow across thethat it controls by modulating either its wing motion or
the magnitude of aerodynamic torque. The fly’s attempt eye, begins after the onset of body rotation, is faster,
and shorter in duration than body rotation. Thus, asto steer is coupled to the rotational velocity of the visual
display, thus closing the feedback loop between motor with eye saccades in humans, the fly is equipped with
neuromuscular machinery that limits the blur inducedoutput and visual input. For example, as the fly exerts
an attempted turn to the left, the visual scene moves to by self-rotation to brief periods.
The motion-sensitive cells of the lobula plate undoubt-the right at a speed that is proportional to the strength
of the attempted turn (Figure 2B, left). In order to explore edly supply critical input to the flight control system.
The visual system, however, is not the only sensorythe role of LPTCs during visual closed-loop flight, Kim-
merle and Egelhaaf (2000) presented a fly with an object modality that detects self-motion during flight. Mecha-
nosensory fields at the base of the beating halteresmoving relative to a textured background. Having re-
corded the sequences of pattern motion generated by detect Coriolis forces that result when the fly rotates in
space (Nalbach, 1993). These gyroscopic sensory or-the fly as it flew in the tethered flight simulator, they
“replayed” these visual stimuli to an immobilized fly gans mediate reflexive changes in wing kinematics that
stabilize the animal against mechanical perturbationswhile recording intracellularly from LPTCs (Figure 2B,
right). They found that the FD cells show high specificity during flight (Dickinson, 1999). Due to the rapidity of
mechanosensory transduction, the haltere systemfor object motion irrespective of concomitant back-
ground motion. This was an unexpected finding given should be more effective at detecting high-speed body
rotations, while detecting slower rotations or drift duringthat the object specificity of FD cells has been attributed
in part to inhibition by large-field image motion. flight is more easily performed by the visual system.
Thus, these two sensory modalities encode differentAs flies explore their environment, they experience
rotation, translation, and expansion cues simultane- ranges of oscillation frequencies over which the animal
operates.ously. To characterize the responses of HS cells to the
natural complexity of optic flow, Kern et al. (2001) How is the sensory code of the visual and mechano-
sensory system translated into the motor code of thetracked the trajectory of a fly walking freely within a
textured arena (Figure 2C, left), then displayed the re- fly’s flight control muscles? The answer lies within the
structure and function of its motor system. Fly wingsconstructed pattern of optic flow while recording intra-
cellularly from an HS interneuron (Figure 2C, right). beat so fast that steering muscles can only fire a single
action potential within each stroke cycle. Thus, impor-Changes in membrane potential were strongly corre-
lated with the angular velocity of image motion. They tant motor control parameters are not the number or
frequency of muscle potentials, but rather whether orthen tested the effects of varying the spatial composition
of the scene by digitally mapping the fly’s true trajectory not the muscle fires in any given stroke, and if it does,
its phase within the cycle (for a review, see Dickinsoncloser to the arena walls, to a larger arena, and to a
spatially sparse arena. Remarkably, they found that HS and Tu, 1997). For this reason, in order to drive steering
motor neurons at mechanically effective phases of theactivity is largely independent of the spatial structure of
optic flow, suggesting that HS functions in detecting stroke cycle, visual input must be gated by wingbeat
synchronous mechanosensory feedback. Surprisingly,angular rotation, but not translation. This is peculiar,
because when they projected purely translational flow, there is little evidence that visual feedback excites the
steering muscles of the wings directly, although thisas would be encountered if the fly walked along the
diameter of the arena, HS was quite responsive. These omission may again reflect the differences between fly-
ing animals and dissected preparations. However, likeresults were taken from walking animals that took slow
meandering 2-D trajectories unlike the motion of a flying the aerodynamically active forewings, the halteres are
equipped with their own set of steering muscles, whichinsect. It remains to be seen how HS, or other LPTCs,
actively encode the translation and expansion cues gen- do receive strong excitatory input from descending vi-
sual interneurons (Chan et al., 1998). Some haltere affer-erated during flight.
Translating Visual Cues into the Language ents, in turn, form monosynaptic electrical synapses
with steering muscle motor neurons (Fayyazuddin andof the Motor System
During free flight, flies tend to maintain a straight trajec- Dickinson, 1996; Trimarchi and Murphey, 1997). This
control loop of visual feedback to haltere muscles, andtory interrupted by very rapid turns or “saccades.” Such
behavior causes motion blur and a resultant degradation haltere feedback to wing muscles (Figure 1B), could
serve either to allow the visual system to indirectly initi-of visual acuity. As with humans and other animals, flies
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ate responses in wing steering muscles or to control
the gain of haltere-mediated reflexes. The complexity
and reciprocity of sensorimotor reflexes within the tho-
rax may help to explain how such complex and robust
behavior emerges from a relatively small number of de-
scending interneurons. The descending pathway may
simply act as neuronal “puppet strings” by supplying
tonic input to the phasic reflexes reverberating within
the thoracic sensorimotor system.
A fly’s sesame seed-sized nervous system acts as a
complex processor fusing multiple channels of sensory
information to control a vast array of output degrees of
freedom. If the principles that engender a fly with its
robust agility could be discovered and formalized for
general use, the result would catalyze a revolution in
our understanding of how sensory codes are integrated
and transformed into the motor codes governing sophis-
ticated behaviors across taxa.
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